Sows suffering excess weight loss during lactation may delay weaning to estrus interval (WEI) and have a detrimental effect on subsequent reproductive performance, however, the underlying mechanism is not completely clear. Therefore, the goal of this study was to investigate physiological profiles manifested in plasma originating from high (HWL) and low lactational weight loss (LWL) sows. The plasma biochemical parameters, hormones, antioxidant parameters, and milk compositions were assessed. Furthermore, plasma metabolites were analyzed using ultrahigh-performance liquid chromatography/time-of-flight mass spectrometry in positive and negative ion modes. Results showed that HWL sows had a lower feed intake and higher lactational weight loss and prolonged WEI, but had similar litter performance and milk composition compared to LWL sows. These changes were associated with lower plasma insulin-like growth factor 1 and higher fibroblast growth factor 21 levels in the HWL sows. Moreover, HWL led to a severe oxidative stress and metabolic damage, as accompanied by excessive protein breakdown and lipids mobilization at weaning. Metabolomic analysis revealed differences in 46 compounds between HWL and LWL sows, and the identified compounds were enriched in metabolic pathways related to amino acids metabolism, fatty acids oxidation metabolism, bile acids biosynthesis, and nucleoside metabolism. These results provide the evidence for physiological mechanism in sows with excessive lactational weight loss that delayed the WEI. Metabolomic data provides essential information and gives rise to potential targets for the development of nutritional intervention strategies.
Introduction
Modern lactating sows have a large demand for energy and nutrients for supporting the large litter. However, the feed intake of lactating sows is often not sufficient to fulfil the energy demands for maintenance and milk production [1, 2] . The discrepancy between a large nutrient demand and insufficient nutrient intake leads to mobilization of their body reserves, to keep sufficient milk
Results

Sow Performance and Body Condition
The HWL sows had lower average daily feed intake (ADFI) than the LWL sows ( Table 1 , p < 0.05). However, the reproductive parameters did not differ between HWL and LWL sows (p > 0.05). The body condition at parturition did not differ between HWL and LWL sows ( Table 2 , p > 0.05), whereas HWL sows had lower (p < 0.05) body weight, fat mass, and protein mass than that of LWL sows at weaning, resulting in higher body weight loss and back fat loss during lactation compared with LWL sows (p < 0.05). Compared with LWL sows, HWL sows had a higher lactation fat loss (9.17%, p < 0.001) and protein loss (14.24%, p < 0.001). Data are expressed as the mean ± SEM. Sows were regarded as the experimental units, n = 10 for each group. LWL, low weight loss; HWL, high weight loss; ADFI, average daily feed intake; ADG, average daily growth. 
Plasma Biochemical Profiles, Colostrum and Milk Composition
The colostrum and milk composition did not differ between HWL and LWL sows ( Table 3 , p > 0.05). Moreover, the plasma biochemical profiles did not differ ( Table 4 , p > 0.05) between HWL and LWL sows, except the NEFA concentration which was higher in HWL than in LWL sows at weaning (p < 0.05). In addition, HWL sows had higher AST activity than the LWL sows ( Figure 1A , p = 0.022) at weaning. No evidence for difference (p > 0.05) in plasma ALT ( Figure 1B ) and GGT ( Figure 1C ) concentrations between the two groups were observed. , and GGT (C) activities of sows with a low or high lactational weight loss at farrowing and weaning, respectively. Data are expressed as the mean ± SEM. Sows were regarded as the experimental units, n = 10 for each group. The differences between groups were indicated by asterisk (p < 0.05). LWL, low weight loss; HWL, high weight loss; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase.
Plasma Antioxidant Parameters
Plasma levels of total superoxide dismutase (T-SOD), malondialdehyde (MDA), protein carbonyl, glutathione peroxidase (GSH-Px), total antioxidant capability (T-AOC), and 8-hydroxydeoxyguanosine (8-OHdG) on days of farrowing and weaning are shown in Figure 2 . The HWL sows had higher MDA (p < 0.05, Figure 2A ) and 8-OHdG ( Figure 2B ) concentrations than the LWL sows at weaning. Moreover, the HWL sows tended to increase protein carbonyl concentration (p = 0.06, , and GGT (C) activities of sows with a low or high lactational weight loss at farrowing and weaning, respectively. Data are expressed as the mean ± SEM. Sows were regarded as the experimental units, n = 10 for each group. The differences between groups were indicated by asterisk (p < 0.05). LWL, low weight loss; HWL, high weight loss; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase.
Plasma levels of total superoxide dismutase (T-SOD), malondialdehyde (MDA), protein carbonyl, glutathione peroxidase (GSH-Px), total antioxidant capability (T-AOC), and 8-hydroxy-deoxyguanosine (8-OHdG) on days of farrowing and weaning are shown in Figure 2 . The HWL sows had higher MDA (p < 0.05, Figure 2A ) and 8-OHdG ( Figure 2B ) concentrations than the LWL sows at weaning. Moreover, the HWL sows tended to increase protein carbonyl concentration (p = 0.06, Figure 2C ) at weaning. However, the HWL sows tended to decrease T-AOC (p = 0.08, Figure 2D ) at weaning. There was no difference (p > 0.05) in plasma levels of T-SOD ( Figure 2E ) and GSH-Px ( Figure 2F ) neither at farrowing nor at weaning. F a r o w i n g W e a n i n g F a r o wi n g W e a n i n g F a r o wi n g W e a n i n g Figure 1 . Plasma AST (A), ALT (B), and GGT (C) activities of sows with a low or high lactational weight loss at farrowing and weaning, respectively. Data are expressed as the mean ± SEM. Sows were regarded as the experimental units, n = 10 for each group. The differences between groups were indicated by asterisk (p < 0.05). LWL, low weight loss; HWL, high weight loss; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase.
Plasma levels of total superoxide dismutase (T-SOD), malondialdehyde (MDA), protein carbonyl, glutathione peroxidase (GSH-Px), total antioxidant capability (T-AOC), and 8-hydroxydeoxyguanosine (8-OHdG) on days of farrowing and weaning are shown in Figure 2 . The HWL sows had higher MDA (p < 0.05, Figure 2A ) and 8-OHdG ( Figure 2B ) concentrations than the LWL sows at weaning. Moreover, the HWL sows tended to increase protein carbonyl concentration (p = 0.06, Figure 2C ) at weaning. However, the HWL sows tended to decrease T-AOC (p = 0.08, Figure 2D ) at weaning. There was no difference (p > 0.05) in plasma levels of T-SOD ( Figure 2E ) and GSH-Px ( Figure  2F ) neither at farrowing nor at weaning. 
Plasma Hormone Determination
There were lower IGF-1 concentrations (p < 0.05) at weaning ( Figure 3A ), while higher fibroblast growth factor 21 (FGF21) concentrations (p < 0.05) in plasma of HWL sows as compared to that of the LWL sows ( Figure 3B ). However, plasma leptin concentrations did not differ (p > 0.05) between the two groups ( Figure 3C ). Figure 3 . Plasma concentrations of fibroblast growth factor 21 (FGF21), insulin-like growth factor 1 (IGF1) and leptin in sows with low or high lactational weight loss. FGF21 (A), IGF1 (B), and leptin (C) in plasma at farrowing and weaning, respectively. Data are expressed as the mean ± SEM. Sows were regarded as the experimental units, n = 10 for each group. The differences between groups were indicated by asterisk (p < 0.05). LWL, low weight loss; HWL, high weight loss.
Plasma Metabolic Profiling Based on Ultrahigh-Performance Liquid Chromatography/Time-of-Flight Mass Spectrometry
Plasma samples from the 10 HWL sows and 10 LWL sows were analyzed in both positive and negative ionization mode. Representative base peak chromatograms (BPC) were shown in Figure S1 . Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were employed to visualize the LC-MS dataset and display the similarities and 
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Plasma samples from the 10 HWL sows and 10 LWL sows were analyzed in both positive and negative ionization mode. Representative base peak chromatograms (BPC) were shown in Figure S1 . Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were employed to visualize the LC-MS dataset and display the similarities and differences among samples in the study. No significant difference between samples was observed in unsupervised PCA analysis when all features were used ( Figure S2 ). To further investigate the discrimination between HWL sows and LWL sows, a supervised OPLS-DA analysis was then performed. The OPLS-DA score plots ( Figure 4A,B) show separation between the HWL sows and LWL sows by the first principal component in both positive and negative modes. The OPLS-DA fit criteria were calculated as follows: R 2 X (cum) = 0.465, R 2 Y (cum) = 0.997, Q 2 (cum) = 0.477 in positive mode and R 2 X (cum) = 0.250, R 2 Y (cum) = 0.915, Q 2 (cum) = 0.516 in negative mode (Table S1 ). Both R 2 Y and Q 2 values were greater than 0.4, indicating that the model was stable and reliable. The Q 2 intercept values were less than 0.05, indicating that there was no overfitting ( Figure 4C ,D). fit criteria were calculated as follows: R 2 X (cum) = 0.465, R 2 Y (cum) = 0.997, Q 2 (cum) = 0.477 in positive mode and R 2 X (cum) = 0.250, R 2 Y (cum) = 0.915, Q 2 (cum) = 0.516 in negative mode (Table S1 ). Both R 2 Y and Q 2 values were greater than 0.4, indicating that the model was stable and reliable. The Q 2 intercept values were less than 0.05, indicating that there was no overfitting ( Figure 4C and 4D). As shown in Figure 5 , the significance of metabolite changes between these two groups were presented by univariate analysis. Volcano Plot analysis synthesized Fold Change (FC) analysis and t-test, which can help screen potential metabolites. The red and blue dots show metabolites that differed between these two groups under taking FC > 2.0 and p value < 0.05 as the selection criteria. As shown in Figure 5 , the significance of metabolite changes between these two groups were presented by univariate analysis. Volcano Plot analysis synthesized Fold Change (FC) analysis and t-test, which can help screen potential metabolites. The red and blue dots show metabolites that differed between these two groups under taking FC > 2.0 and p value < 0.05 as the selection criteria. 
Identification of Different Metabolites
Based on the high-resolution mass measurement of molecular ions and fragmentation ions, a total of 46 different plasma metabolites from the HWL and LWL sows have been annotated and are listed in Table 5 . Generally, the results showed that the main differences between HWL sows and LWL sows were the alteration of amino acids and derivatives (18) , fatty acids and lipids (8) , nucleotides (4), vitamin (6), bile acids (4), and others (6) . Compared with LWL sows, HWL sows increased the levels of 41 plasma metabolites and decreased the levels of 5 plasma metabolites.
With the exception of creatine, all amino acids and derivative compounds were increased in the plasma of HWL when compared to LWL (Table 6 ). For fat metabolism, results revealed that HWL sows had a higher level of acetylcholine, lysoPC [16:0], propionic acid, valeric acid, acetylcarnitine, stearic acid, and alpha-linolenic acid compared with LWL sows, but PC(18:1(9Z)/18:1(9Z)) was decreased in HWL sows. Among the nucleosides metabolism, as compared with LWL sows, HWL sows presented an increase in the levels of allantoin, thymidine and hypoxanthine while a decrease in the level of adenosine level was observed. The levels of cholic acid, chenodeoxycholate, glycochenodeoxycholate, and glycocholic acid in the plasma of HWL sows were 3.70, 2.22, 2.08, and 1.89-fold greater, respectively, than those in LWL sows. Within vitamin metabolism, HWL sows increased the levels of N1-methyl-2-pyridone-5-carboxamide, nicotinamide, 4-pyridoxic acid, and 
Based on the high-resolution mass measurement of molecular ions and fragmentation ions, a total of 46 different plasma metabolites from the HWL and LWL sows have been annotated and are listed in Table 5 . Generally, the results showed that the main differences between HWL sows and LWL sows were the alteration of amino acids and derivatives (18) , fatty acids and lipids (8) , nucleotides (4), vitamin (6), bile acids (4), and others (6) . Compared with LWL sows, HWL sows increased the levels of 41 plasma metabolites and decreased the levels of 5 plasma metabolites. With the exception of creatine, all amino acids and derivative compounds were increased in the plasma of HWL when compared to LWL (Table 6 ). For fat metabolism, results revealed that HWL sows had a higher level of acetylcholine, lysoPC [16:0], propionic acid, valeric acid, acetylcarnitine, stearic acid, and alpha-linolenic acid compared with LWL sows, but PC(18:1(9Z)/18:1(9Z)) was decreased in HWL sows. Among the nucleosides metabolism, as compared with LWL sows, HWL sows presented an increase in the levels of allantoin, thymidine and hypoxanthine while a decrease in the level of adenosine level was observed. The levels of cholic acid, chenodeoxycholate, glycochenodeoxycholate, and glycocholic acid in the plasma of HWL sows were 3.70, 2.22, 2.08, and 1.89-fold greater, respectively, than those in LWL sows. Within vitamin metabolism, HWL sows increased the levels of N1-methyl-2-pyridone-5-carboxamide, nicotinamide, 4-pyridoxic acid, and anthranilic acid, but decreased the level of L-gulonic gamma-lactone in the plasma. In addition, the levels of 1-methylxanthine, salicyluric acid, D-quinovose, pyrocatechol, and trimethylamine N-oxide were higher in the plasma of HWL sows than LWL sows. 
Integration of Key Metabolic Pathways
In order to comprehensively understand the physiological change induced by excessive lactation weight loss, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway database was utilized for analyzing related metabolic pathways of 46 metabolites found in plasma. As shown in Figure 6 , these metabolites were involved in multiple biochemical pathways, including protein digestion and absorption, central carbon metabolism, choline metabolism, amino acids metabolism and nucleotides metabolism. Figure 6 . Topology analysis of metabolic pathways identified between high body weight loss (HWL, n = 10) and low body weight loss (LWL, n = 10) sows during lactation. The X-axis represents the rich factor, and the Y-axis represents the pathway. Larger sizes and darker colors represent greater pathway enrichment and higher pathway impact values, respectively.
Discussion
It is well known that sows exhibiting excessive weight loss during lactation represent a problem for the subsequent reproductive performance [8, 17] . However, the knowledge of exact mode of action remains largely unraveled. In the present study, metabolomic based on ultrahigh-performance liquid chromatography/time-of-flight mass spectrometry was performed to clarify the underlying mechanism of excessive lactation weight loss on reproductive performance.
Reproductive Performance and Plasma Hormones
In the current study, HWL sows had a lower feed intake than LWL sows, which caused the increased body weight loss. Similarly, Vinsky, et al. reported that feed restriction during lactation induced excess weight loss in primiparous sows [18] . Along with higher weight loss, the WEI was prolonged in HWL sows relative to LWL sows, which is consistent with a previous study [19] . The return to estrus after weaning is dependent on the development of ovarian follicles, which is mainly regulated by metabolic mediators and circulating hormones [9, 20] . High circulating IGF-1 is associated with the reduction of protein breakdown and the increase of protein synthesis [21] . As expected, present results showed that the IGF-1 concentration of HWL sows was lower than that of LWL sows, suggesting that the lower concentration of this hormone is linked to the decrease in energy intake, and thus an increased catabolism of body protein. The low concentration of IGF-1 in plasma has also been associated with impaired follicular recruitment, folliculogenesis, and reduced ovulation rate [6, 22] . Interestingly, in this study, we found that plasma FGF21 concentration in HWL sows was markedly higher than in LWL sows at weaning. FGF21 is a peptide hormone, rather than a growth factor, which functions as a major metabolic regulator of glucose and lipid metabolism [23] . In line with this, a previous study reported that the concentration of FGF21 was chronically elevated from late pregnancy to lactation in high-yielding dairy cows, which was accompanied with intense Figure 6 . Topology analysis of metabolic pathways identified between high body weight loss (HWL, n = 10) and low body weight loss (LWL, n = 10) sows during lactation. The X-axis represents the rich factor, and the Y-axis represents the pathway. Larger sizes and darker colors represent greater pathway enrichment and higher pathway impact values, respectively.
Discussion
Reproductive Performance and Plasma Hormones
In the current study, HWL sows had a lower feed intake than LWL sows, which caused the increased body weight loss. Similarly, Vinsky, et al. reported that feed restriction during lactation induced excess weight loss in primiparous sows [18] . Along with higher weight loss, the WEI was prolonged in HWL sows relative to LWL sows, which is consistent with a previous study [19] . The return to estrus after weaning is dependent on the development of ovarian follicles, which is mainly regulated by metabolic mediators and circulating hormones [9, 20] . High circulating IGF-1 is associated with the reduction of protein breakdown and the increase of protein synthesis [21] . As expected, present results showed that the IGF-1 concentration of HWL sows was lower than that of LWL sows, suggesting that the lower concentration of this hormone is linked to the decrease in energy intake, and thus an increased catabolism of body protein. The low concentration of IGF-1 in plasma has also been associated with impaired follicular recruitment, folliculogenesis, and reduced ovulation rate [6, 22] . Interestingly, in this study, we found that plasma FGF21 concentration in HWL sows was markedly higher than in LWL sows at weaning. FGF21 is a peptide hormone, rather than a growth factor, which functions as a major metabolic regulator of glucose and lipid metabolism [23] . In line with this, a previous study reported that the concentration of FGF21 was chronically elevated from late pregnancy to lactation in high-yielding dairy cows, which was accompanied with intense lipid mobilization [24] . Moreover, FGF-21 may function as an endocrine factor to regulate body composition changes during lactation by inducing gluconeogenesis and fatty acid oxidation [25, 26] . In rodents, FGF21 overexpression is shown to cause infertility, such as delayed vaginal opening, reduced mating, and anovulatory hypogonadism [27] . Furthermore, the follicular development of sows could be inhibited due to the depressed secretion of gonadotropic hormone under restricted nutritional condition or high weight loss during lactation [5, 9] . Taken together, it was concluded that the disorder of hormone status induced by excessive weight loss partly contributed to failed reproductive performance in subsequent cycle.
Milk Composition
Previous studies show that restricted nutrient intake during lactation decreased the milk yield and composition of sows [28, 29] . It was expected that milk fat content would be greater in HWL sows due to substantial fraction of fat from deposit to the milk, but the elevated milk fat content was only numerically higher. Normally, milk fat in sow ranges within 6%-8%, whereas energy restriction may increase this to very high values [30] .
Oxidative Status
It has been well demonstrated that an increased systemic oxidative stress of sows appeared during late gestation and lactation due to the enhanced metabolic burdens [13] . In the current study, compared with LWL sows, HWL sows had higher plasma protein carbonyl and MDA concentrations but a lower T-AOC level at weaning. MDA, as a reliable marker of lipid peroxidation, is one of the toxic lipid metabolites caused by reactive oxygen species [31] . The higher MDA in HWL sows suggests that excess body weight loss led to lipid peroxidation during lactation. These findings are in accordance with the results reported in mice with calorie restriction, which demonstrated that enhanced fatty acid oxidation compared with ad libitum-feed mice [32] . Protein carbonyl is most widely utilized as the biomarker of protein oxidation [33] . The increasing oxidative damage to proteins led to chemical modification of proteins, increased protein turnover, and cell death [34] , which combined with the higher protein mass loss, may imply a severe protein degradation when sows suffer from excessive lactational weight loss. Furthermore, 8-OHdG, as a major marker for oxidative damage to nucleic acids, was chosen to evaluate the DNA damage in this study. Relative to LWL sows, plasma 8-OHdG concentration in HWL sows markedly increased at weaning, indicating that HWL sows had a severe DNA damage. Collectively, these results suggest that sows with excess weight loss led to a high level of oxidative stress at weaning. Similarly, a previous study showed that cows with higher body weight loss are more sensitive to oxidative stress [14] . Taken together, oxidative stress can lead to the modification of important physiological and metabolic functions, thus the delayed WEI in sows with excessive weight loss may be ascribed to the higher oxidative stress at a certain extend.
Amino Acids Metabolism-Related
Amino acid metabolism could be affected in sows with excessive weight loss. Creatinine, as the indicator of muscle catabolism [35] , was significantly higher in HWL sows than the LWL sows at weaning. In contrast, the creatine concentration was lower in HWL sows. It has been demonstrated that creatine is synthesized from arginine and glycine in kidney and liver, which could be phosphorylated and transported to muscle and brain and used as an energy source, and also could be broken down to creatinine [36] . Thus, the higher creatinine concentration could be resulted from a higher degradation of creatine in HWL sows. The increased creatinine concentration is associated with a greater mobilization of stored proteins and indirectly with fat level in the body mass [37] , as reflected by the decreased protein and fat mass in the present study. Moreover, the level of tyrosine was significantly upregulated in HWL sows. Tyrosine, as a potent ketogenic amino acid [38] , can be transformed into ketone bodies in the liver and contribute as a fuel during nutritional restriction [12] . The increased tyrosine concentration may partly be explained by tyrosine acting as a ketogenic amino acid to meet the energy requirements of lactating sows with lower feed intake. Meanwhile, glucogenic amino acids derived from muscle catabolism were important gluconeogenic substrates under malnutrition [39] . This conforms with the higher levels of amino acids and derivatives (3-phenylpropanoic acid, hippuric acid, salicylic acid, succinate, L-tryptophan, D-proline, L-phenylalanine, etc.) in HWL sows relative to LWL sows as reported in this study. The marked differences in circulating amino acid concentrations observed in the two groups may point to some possible mechanism of appetite regulation. Similarly, a hyperphagic response was found in rats fed with an imbalanced amino acid pattern diet [40] . Phenylalanine and tryptophan, which frequently linked with appetite regulation [41] , were observed higher in HWL sows than in LWL sows. A pervious study has shown that improving dietary protein digestion and absorption could influence satiety through a more rapid postprandial clearance and oxidation of amino acids [42] . This is in accordance with the metabolic pathway, which showed that protein digestion and absorption were markedly changed in HWL sows. These changes could be related to the mechanism responsible for feed intake depression in HWL sows. Hippuric acid is a derivative of dietary protein catabolism [43] ; the increased plasma levels of hippuric acid may be a result of increased mobilized protein from body tissues. Interestingly, sows with excessive weight loss had a higher level of plasma betaine in this study. Similarly, a previous study has shown an increase of betaine observed in growing pigs at 48 h after fasting [12] . Betaine, of dietary origin or produced from choline, is the methyl donor in methionine regeneration from homocysteine [44] . We speculate energy restriction causes an increased conversion of endogenous choline to betaine for maintaining the generally stable level of methionine. A large protein mobilization during lactation is detrimental for the sow, which needs long time to restore muscle protein in the subsequent gestation. Therefore, the optimization of protein and amino acid requirements during lactation should be concerned in future research, and understanding whether increased amino acid concentrations above the dietary recommendations may compensate for inadequate appetite.
Fat Metabolism-Related
Lipids, as physiological fuels, are stored in adipose tissue with low water content and high energy density [45] . Humans and animals usually break down fat to meet their energy requirements when the energy supply is restricted. The plasma concentration of NEFA, is regarded being an indicator of body fat mobilization [21] . To compensate the negative energy balance, NEFA is mobilized from adipose tissue, which was supported in the present study by elevated plasma levels of NEFA in HWL sows. In a study with dairy cattle, high NEFA levels have shown to be detrimental to embryonic survival by influencing oocyte quality, embryonic environment or both [46] . Thus, excessive fat mass loss might have a negative effect on the follicular development. Moreover, metabolites (acetylcholine and lysoPC [16:0]) related with fatty acids metabolism were increased in the plasma induced by excessive lactational weight loss. In support of this, the blood concentrations of fat related metabolites (such as fatty acids and triglycerides) can reflect the mobilization of body lipids due to negative energy balance [47] . LysoPCs are the degraded products of phosphatidylcholines, the higher level of them indicate the enhanced mobilization of phospholipids [48] . Phosphatidylcholines, as the major membrane lipids, might cause the alternation of membrane's structure and function under the disordered phospholipid metabolism. Numerous studies have demonstrated that increased lysoPC concentrations are positively associated with endothelial dysfunction, inflammation and oxidative stress [48, 49] . When the amount of acetyl-CoA exceeds the utilization of the tricarboxylic acid cycle, acetylcarnitine has a buffering function in transporting acetyl-CoA from within the mitochondria to outside [50] . In the present study, the plasma acetylcarnitine concentration in HWL sows was higher than LWL sows, indicating that a large amount of acetyl-CoA might be accumulated in the mitochondria. Thus, the results of the present study suggested that the body lipids mobilization existed in sows suffering from excessive weight loss and exhibited enhanced fatty acids oxidation.
Metabolic Dysfunction of Nucleotides, Bile Acids, and Vitamins
Bile acids are central to lipid and carbohydrate metabolism. In the current study, the plasma concentration of bile constituents (cholic acid, chenodeoxycholate, glycochenodeoxycholate, and glycocholic acid) were increased in HWL sows. Similarly, male mice with short-term calorie restriction showed an increased bile acids concentration in the liver, which possibly due to enhanced bile acids in enterohepatic circulation [51] . High concentrations of bile acids are toxic and increase the production of free radicals in the liver, which can cause inflammation and tissue damage [52] . In support of this, the higher plasma AST activity in HWL sows was observed in the current study. Notably, hepatic AST is distributed in the cytoplasm and mitochondria, which can be released into the blood circulation when the liver has been damaged [53] . The alteration in the level of AST might imply that HWL sows have been associated with impaired liver function due to excessive metabolic burden during lactation.
Allantoin, thymidine, and adenosine, which were markedly changed by excessive weight loss in this study, are involved in nucleoside metabolism. In human, uric acid is the end product of purine metabolism by xanthine oxidase, but it is further metabolized into allantoin in pigs [54] . A higher content of allantoin is associated with metabolic diseases, such as gout, diabetes, and kidney stones [55] . In the current study, the increased plasma allantoin level of HWL sows might suggest the metabolic disruption of purines. In accordance with our result, pigs fed with a nutrient deficient maize diet also showed a higher level of allantoin [36] . Adenosine is a ubiquitous nucleoside which serves as a building block for nucleic acids and energy storage molecules, enzyme's substrate and neuromodulator of cellular activity [56] . The observed decrease in adenosine abundance of HWL sows suggests that more ATP was produced to maintain energy need. NAD is a coenzyme that plays a vital role in redox reaction, transferring electrons to NAD + by NADH, as part of β-oxidation, glycolysis, and the TCA cycle [10] , and the large decrease in nicotinamide abundance could suggest a key metabolic difference between HWL and LWL sows. These results indicate that sows with excess lactational weight loss show a higher turnover of muscle and fat tissue to allow adequate metabolism into vital organs than into the reproductive organ.
Materials and Methods
Animals, Diets, and Experiment Design
The experiment was approved and conducted under the supervision of the Care and Use Committee of Sichuan Agricultural University and followed the current laws of animal protection (Ethic Approval Code: SCAUAC201408-3). A total of 64 multiparous Yorkshire sows (parity 3 to 4) were used in this study (no full-sibs were included). On day 110 of pregnancy, sows were moved to the farrowing room and were kept in individual farrowing crates thereafter. Sows were fed the same commercial lactation diet until day 21 of lactation, and feed intake was increased by 1 kg/day from farrowing to day 5 of lactation, to reach ad libitum feeding. The lactation diet was in meal form and met or exceeded the nutrient requirements of lactating sows as recommended by the NRC (2012) as shown in Table 6 . The feed intake of each sow during lactation was recorded daily, and average daily feed intake was calculated. The piglets had no access to creep feed, but both sows and piglets were offered water ad libitum. The ambient temperature of the sow house was maintained between 22 • C and 25 • C using draught fan and waterfall wall. All units received medical and management advice from the same veterinary consulting group. Based on the median of the percentage of weight loss during lactation, sows were retrospectively divided in a low weight loss (LWL, <10.15% of body weight, n = 32) or high weight loss (HWL, >10.15% of body weight, n = 32) groups. Previous study has demonstrated that sows with lactational weight loss > 10% had a negative effect on subsequent reproductive performance [3] . Only 20 sows (n = 10 for LWL, average body weight loss was 2.89%; and n = 10 for HWL, average body weight loss was 12.65%) were used to study effects of lactation weight loss on plasma metabolome, reproductive hormone, and antioxidant parameters.
Sampling and Data Collection
The body weight (BW) and backfat thickness of sows were measured in the morning (8:00) on day 110 of gestation and day 21 of lactation, while sow BW after farrowing was calculated by deduction of total litter weights of piglets and placenta from BW of sows at day 110 of gestation. Backfat thickness was measured at 65 mm from the midline of the 10th rib using an ultrasonic device (Renco Lean-Meater series 12, Renco Corporation, MN, USA). The duration of farrowing (min.), total number of piglets born, including the number of piglets born alive, number of mummified fetuses, and number of stillborn, were recorded according to Che, et al. [57] . All piglets were weighed at parturition, cross-fostered beyond 24 h and weighed weekly for calculating average daily weight gain (ADG). Estrus detection was measured two times per day (09:00 and 15:00) beginning 2 days after weaning using fence line contact with a mature teaser boar. When sows exhibited the standing reflex in the presence of the back-pressure test, they were considered to be in estrus and the time was used to calculate the WEI.
Blood samples (10 mL) were collected from sows at farrowing and before the morning meal on day 21 of lactation (at weaning). Samples were collected in heparinized tubes and plasma was harvested by centrifuging at 2550× g for 10 min at 4 • C, then stored at −80 • C until analysis. The Colostrum samples (approximately 30 mL) were collected from each sow within 2 h after onset of farrowing and milk samples (approximately 30 mL) were collected at day 7 of lactation after 0.3 mL oxytocin (Ocytovem, CEVA, Santé Animale, Libourne, France). Colostrum and milk samples were immediately filtered through gauze, aliquoted and stored at −20 • C immediately prior to subsequent analysis.
Determination of Colostrum and Milk Composition
Frozen samples (n = 10 for each group) were thawed at 4 • C, and 18 mL of each sample was used for milk composition analysis. The fat, protein, lactose, dry matter (DM), and urea nitrogen content were measured using a milk composition analyzer (Milkoscan 4000; Foss MilkoScan, Hillerød, Denmark) as described by Che, et al. [57] .
Measurement of Antioxidant Parameters in the Plasma
Plasma GSH-Px, MDA, T-SOD, T-AOC, and protein carbonyl were determined using specific assay kits (Nanjing Jiancheng Institute, Jiangsu, China). Plasma concentration of MDA was quantified using thiobarbituric acid method according to Hou, et al. [58] . Plasma T-SOD and T-AOC were quantified as described by Hu, et al. [31] . Plasma GSH-Px concentration was determined using the method reported by Zhang, et al. [59] . Plasma protein carbonyl concentration was measured according to the method described by Pialoux, et al. [60] . Plasma 8-OHdG concentration was determined using ELISA kit (Cell Biolabs, San Diego, CA, USA) according to the manufacturer's protocol. The sensitivity of this assay was 0.078 ng/mL. All plasma samples were measured in duplicate and the mean values were used for statistical analysis.
Measurement of Biochemical Parameters and Hormones in the Plasma
The plasma concentrations of urea, total protein (TP), alanine aminotransferase (ALT), albumin (ALB), aspartate aminotransferase (AST), lactate, triglyceride (TG), non-esterified fatty acid (NEFA), glutamyl aminotransferase (GGT), and glucose (GLU) were measured by automatic biochemical analyzer (Model 7020, Hitachi, Tokyo, Japan) according to corresponding commercial kits (Sichuan Maker Biotechnology Inc., Chengdu, China). There was less than 5% variation of intra-assay and inter-assay coefficients for each assay. Commercial enzyme-linked immunosorbent assay kits (BioVendor, Cat. No. RD291108200R) were performed to determine the plasma concentration of FGF21, and the minimal detectable concentration is 18.4 pg/mL. The intra-and inter-assay coefficients of variation were less than 8.4% and less than 8.7%, respectively. Plasma IGF-1 concentrations were determined using ELISA kits (CUSABIO Biotech Co., Ltd., Wuhan, China) according to the manufacturer's protocol. Both intra and inter-assay coefficients of variation were less than 8.0%. Leptin was measured by ELISA kit (CUSABIO Biotech Co., Ltd., Wuhan, China). The sensitivity of this assay was 0.125 ng/mL. Intra-and inter-assay CVs were less than 15 %. All plasma samples were measured in duplicate and the mean values were used for statistical analysis.
Metabolomics Based on Ultra-High-Performance Liquid Chromatography Time-of-Flight/Mass Spectrometry
Plasma samples were slowly thawed at 4 • C, and from each sample a 100 µL aliquot was taken and added to 400 µL of a pre-cooled methanol/acetonitrile solution (1:1, v/v). Samples were then vortex mixed and maintained at −20 • C for 60 min followed by centrifugation at 14,000× g and 4 • C for 20 min. The supernatant fraction was collected and dried. The dried metabolites were dissolved by adding 100 µL of aqueous acetonitrile (acetonitrile: water = 1:1, v/v), vortex mixed, and centrifuged at 14,000× g and 4 • C for 15 min. The resulting supernatant was collected and analyzed. The 2 sets of treated samples were mixed in equal amounts for the preparation of quality control (QC) samples, and 5 replicates were set up to evaluate system stability over the entire experiment before testing. After the completion of sample pre-treatment, the samples were transferred to sampler vials for liquid chromatography-tandem mass spectrometry (LC/MS) analysis.
Samples after pretreatment were separated using an ultra-high-performance liquid chromatography (UHPLC) system (1290 Infinity II, Agilent Technologies, Santa Clara, CA, USA) incorporating an hydrophilic interaction liquid chromatography (HILIC) column (2.1 mm × 100 mm, 1.7 µm; Waters, Milford, MA, USA). The column temperature was 25 • C, and we used a flow rate of 0.3 mL/min. The mobile phase consisted of A (water + 25 mmol/L of ammonium acetate + 25 mmol/L of ammonia) and B (acetonitrile). The gradient elution procedure was as follows: 0-1 min, 95%B; 1-14 min, 95% to 65%B; 14-16 min, 65% to 40%B; 16-18 min, 40%B; 18-18.1 min, 40% to 95%B; and 18.1-23 min, 95%B. The autosampler was maintained at 4 • C and the injection volume was 2 µL. The QC samples were inserted into the samples to monitor system stability and data quality.
The samples were analyzed using a triple time-of-flight (TOF) 5600 + system (AB/SCIEX, Framingham, MA, USA) equipped with an electrospray ionization source used in positive and negative ion modes. The mass spectrometry detection variables were as follows: Gas 1, 0.4137 MPa; gas 2, 0.4137 MPa; curtain gas, 0.20685 MPa; ion source temperature, 600 • C; ionization voltage, ± 5500 V; TOF-MS scan range, 60-1000 m/z; precursor ion scan range, 25-1000 m/z; scan accumulation time, 0.2 s/spectrum; precursor ion scan accumulation time, 0.05 s/spectrum; declustering potential, 60 V; and collision energy, 35 ± 15 eV. Tandem mass spectrometry data were acquired in the information-dependent acquisition mode, and high sensitivity modes were used.
Data Processing and Statistical Analyses
The raw data were converted into the mzXML format using ProteoWizard [61] , and then peak alignment, retention time correction, and peak area extraction were performed using the R package XCMS [62] . For the data extracted using XCMS, ion peak data for which >50% of the data were missing within a group were deleted. After the data had been pre-processed by pareto-scaling, pattern recognition was performed using SIMCA-P software (version 14.1, Umetrics, Umea, Sweden), consisting of unsupervised PCA and supervised OPLS-DA. Principal component analysis was used to determine intra-group aggregation and inter-group separation tendencies, whereas OPLS-DA was performed to further determine inter-group differences. The OPLS-DA models were validated based on interpretation of variation in Y (R 2 Y) and forecast ability based on the model (Q 2 ) in cross-validation and permutation tests by applying 200 iterations. When 1 ≥ R 2 Y and Q 2 ≥ 0.4, the models were determined to be stable and reliable [63] . In addition, a Q 2 intercept < 0.05 from the permutation test was used to verify that there was no overfitting, and univariate analysis was performed, including Student's t-test and fold change analysis.
Significantly differential metabolites were screened using variable importance in projection (VIP) scores (VIP > 1) obtained from the OPLS-DA model and P values (p < 0.05). Identification of differential metabolites was carried out by searching an in-house standard MS/MS library and the online database METLIN [64] using MS/MS spectra or exact mass data [62] . The in-house library contains MS/MS spectra of approximately 800 compounds, which were obtained from standards. The MS/MS spectra matching score was calculated using the dot-product algorithm and the score cutoff was set as 0.8. The MS/MS spectra that could not be matched to any of those in the in-house library were searched in online databases. Mass error was set within 25 ppm. Moreover, pathway analysis data were processed and analyzed using MetaboAnalyst 4.0 [65] .
The protein and fat mass of sows were calculated according to Dourmad, et al. [66] , as follows: lipids (kg) = -26.4 + 0.221 × EBW + 1.331 × P 2 ; protein (kg) = 2.28 + 0.178 × EBW − 0.333 × P 2 , where EBW (kg) represents the sow empty live weight (EBW = 0.905 × BW 1.1013 , BW = live weight in kg) and P 2 (mm) = backfat thickness at the last rib. The individual sow was used as the experimental unit for all response variables. Data were analyzed by an independent-samples t-test using SPSS 21.0 (IBM SPSS Company, Chicago, IL, USA). Results were considered significant at p < 0.05 and as trend at 0.05 < p < 0.1.
Conclusions
In summary, this study demonstrates that sows with excessive lactational weight loss is associated with a noticeable disorder in amino acids metabolism and fatty acid oxidation metabolism due to protein breakdown and lipid mobilization, which leads to a serious oxidative damage and metabolic dysfunction at the end of lactation, thus delaying the weaning to estrus interval. We recommend directing further research towards optimizing the diet composition in early lactation and post-weaning diet based on these different metabolites in order to improve the appetite of lactating sows and the follicular development of sows with excessive weight loss.
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